We study the spatially resolved star formation history and molecular gas distribution of 64 nearby galaxies, using integral field spectroscopy from the CALIFA survey and CO J = 1 → 0 intensity mapping from the CARMA EDGE survey. We use the 4000 A break (D n (4000)), the equivalent width of the Hδ absorption line (EW(Hδ A )), and the equivalent width of the Hα emission line (EW(Hα)) to measure the recent star formation history (SFH) of these galaxies. We measure radial profiles of the three SFH indicators and molecular gas mass surface density, from which we measure the level of centrally enhanced star formation and the molecular gas concentration. When we separate our galaxies into categories of barred (20 galaxies), unbarred (24 galaxies), and merging/paired (20 galaxies) we find that the galaxies which have centrally-enhanced star formation (22/64) are either barred (15/22) or in mergers/pairs (7/22) with relatively high molecular gas concentrations. A comparison between our barred galaxies and a snapshot of a hydrodynamic N-body simulation of a barred galaxy shows that the current theory of bar formation and evolution can qualitatively reproduce the main features of the observed galaxies in our sample, including both the sharp decrease of stellar age in the galactic center and the gradual decrease of age with increasing distance from center. These findings provide substantial evidence for a picture in which cold gas is transported inward due to instabilities driven by a bar or tidal interaction, which leads to the growth and rejuvenation of star formation in the central region.
INTRODUCTION
Bars play an essential role in the secular evolution of galaxies. Simulations have shown that the growth of a bar causes gas to either form a ring structure or fall inwards and trigger central star formation (Athanassoula 1992; Athanassoula et al. 2013) . Minor mergers and tidal interactions have a similar effect as bars, as these events also tend to drive molecular gas (the immediate fuel for star formation) inward (Barnes & Hernquist 1991) . The subsequent star formation from these Contact e-mail: chownrj@mcmaster.ca † Contact e-mail: cli2015@tsinghua.edu.cn processes leads to the growth of the central disky pseudobulge (Kormendy & Kennicutt 2004; Athanassoula 2005 , and references therein). Internal processes can quench star formation, such as feedback from an active galactic nucleus (AGN), or the growth of the central bulge which can stabilize the gas disk (Martig et al. 2009 ). Bars can counteract these quenching mechanisms by transporting gas to the center which can fuel subsequent central star formation.
The most commonly-used tracer of molecular gas mass in the interstellar medium is line emission of the CO molecule, e.g. CO J = 1 → 0, J = 2 → 1, etc. (Bolatto et al. 2013 , and references therein). Observational studies of CO have found elevated molecular gas concentrations in barred galaxies compared to their unbarred counterparts (e.g., Sakamoto et al. 1999; Sakamoto 2000; Jogee et al. 2005; Sheth et al. 2005; Regan et al. 2006; Kuno et al. 2007) . It is also known that star formation rates (SFRs) are higher in the central region of barred galaxies compared to unbarred galaxies (e.g, Hawarden et al. 1986; Devereux 1987; Puxley et al. 1988; Ho et al. 1997; Ellison et al. 2011; Oh et al. 2012; Zhou et al. 2015) . Minor mergers and galaxygalaxy interactions have also been found to correlate with increased central star formation (e.g., Li et al. 2008; Ellison et al. 2011; Wang et al. 2012; Lin et al. 2014) . Interactioninduced enhancement of star formation is found mainly in galaxies with projected separations less than ∼ 100 kpc (Li et al. 2008; Patton et al. 2013; Ellison et al. 2013) . A number of recent studies have used both molecular gas tracers and star formation indicators to study central star formation and cold gas in interacting galaxies (e.g., Saintonge et al. 2012; Stark et al. 2013; Kaneko et al. 2013; Violino et al. 2018) , finding lower gas depletion times and enhanced gas content in these galaxies. Galaxies in dense environments also tend to have more centrally-concentrated molecular gas and enhanced star formation (e.g., Mok et al. 2017) .
Most earlier optical studies of galaxies used single-fiber measurements from the Sloan Digital Sky Survey (SDSS; York et al. 2000) . Integral-field unit (IFU) surveys such as the Calar Alto Legacy Integral Field Area (CALIFA) survey (Sánchez et al. 2012; Walcher et al. 2014; Sánchez et al. 2016) , the SDSS-IV Mapping nearby Galaxies at Apache Point Observatory Survey (MaNGA; Bundy et al. 2015; Blanton et al. 2017) , and the Sydney-AAO Multi-object Integral field spectrograph (SAMI; Croom et al. 2012 ) have provided spatially resolved spectroscopy for thousands of galaxies in the local Universe, enabling detailed studies of the correlation of internal structure of galaxies with their star formation properties.
Of particular interest for the present work, Lin et al. (2017) analyzed 57 nearly face-on spiral galaxies using CAL-IFA IFU data. They measured the recent star formation history (SFH) using three parameters extracted from the CALIFA data: the 4000Å-break D n (4000), and the equivalent widths (EW) of the Hα emission line logEW(Hα) and Hδ absorption line EW(Hδ A ). A considerable fraction of their galaxies (17/57) had a central drop ("turnover") in the D n (4000), and a central upturn in logEW(Hα) and EW(Hδ A ), indicating recent star formation in the center. Interestingly, almost all of these "turnover" galaxies are barred, while only half of the barred galaxies in their sample present a turnover feature, suggesting that a bar is a necessary but not sufficient condition for central star formation enhancement. The only parameter found to be correlated with the level of central star formation is the bar length, an indicator of bar strength. Together with the results of Kuno et al. (2007) , for example, who found a correlation between bar strength and molecular gas concentration, one might expect enhanced central star formation to be associated with molecular gas concentration. Observations of the cold gas within galaxies, with spatial resolution comparable to the optical IFU data, are needed in order to clearly examine the correlation of the two components.
Uniform samples of high-sensitivity (detections of Σ H 2 ∼ 1 M pc −2 ), high spatial resolution (sub-kpc) cold gas measurements of nearby galaxies are available, however the sample sizes range from a few up to 30-50 galaxies. Although a sample of 30-50 galaxies is sufficient for many purposes, the effective sample size can quickly become much lower after selection cuts (on redshift, stellar mass, etc.) and/or dividing the galaxies into different categories for comparison (e.g. barred or unbarred). Some notable studies and surveys are Kennicutt et al. (2007) , Bigiel et al. (2008) , the H i Nearby Galaxy Survey (THINGS; Walter et al. 2008) , and the HERA CO-Line Extragalactic Survey (HERACLES; Leroy et al. 2009 ). At slightly lower spatial resolution, recent surveys have obtained spatially resolved CO spectra for significantly larger samples, such as the James Clerk Maxwell Telescope (JCMT) Nearby Galaxies Legacy Survey (NGLS; 155 galaxies, ∼50% detected; Wilson et al. 2012) , the Combined Array for Research in Millimeter-wave Astronomy (CARMA) Extragalactic Database for Galaxy Evolution (EDGE) 1 CO survey (126 galaxies, 82% detected; Bolatto et al. 2017) , and the CO Multi-line Imaging of Nearby Galaxies survey (COMING; 127 galaxies; Sorai, K., et al. 2018, in preparation) . Galaxies in the CARMA EDGE survey were selected from the CALIFA survey, and were observed in CO J = 1 → 0 with a similar field-of-view and angular resolution (∼ 4.5 ) as the CALIFA data (∼ 2.5 ). The similar resolution and field-of-view were intended to enable joint analyses of the stellar populations and cold gas content of nearby galaxies. Recent work by Utomo et al. (2017) found, using EDGE and CALIFA data, that barred and interacting galaxies tend to have smaller center-to-disk gas depletion time ratios than unbarred, isolated galaxies.
In this paper we extend the work of Lin et al. (2017) by explicitly linking the central SFH and resolved gas properties in barred, unbarred, and interacting galaxies. We have used spatially resolved maps of CO J = 1 → 0 from EDGE and SFH indicators from CALIFA to accomplish this goal. We find that molecular gas concentrations are indeed associated with centrally-enhanced star formation, and this link is seen in both barred galaxies and interacting galaxies. Our main result is that the level of centrally-enhanced star formation in barred galaxies is positively correlated with molecular gas concentration (correlation coefficient r = 0.73), while unbarred galaxies show little-to-no centrally-enhanced star formation and no correlation (r = 0.09). Some merger/pair galaxies have centrally enhanced star formation, but the correlation between the level of enhanced star formation and gas concentration is weak (r = 0.28). In addition, we have compared these observational results with an N-body simulation of the gas and stellar distributions of a barred galaxy. The similarities between the simulation and the real galaxy suggest that the current theory of bar formation can qualitatively reproduce the key features of real galaxies.
The structure of this paper is as follows. In §2 we describe the data used and how they are processed. We present our observational results in §3 and the comparison with the N-body simulation in §4. We discuss some questions in light of our results and highlight interesting individual galaxies in §5. Finally, we summarize our work in §6. Tables of galaxy properties and a discussion of a few unusual galaxies are given in the Appendix. Throughout this paper we assume a ΛCDM cosmology with parameters H 0 = 67.7 km s −1 Mpc −1 , Ω Λ = 0.693, and Ω m,0 = 0.307, following the results from the Planck satellite (Planck Collaboration et al. 2016 ).
2 DATA AND PROCESSING 2.1 The CARMA EDGE and CALIFA surveys CARMA EDGE is a survey of CO emission in 126 nearby galaxies carried out using the CARMA interferometer (Bock et al. 2006) . The CARMA EDGE sample was selected from the CALIFA sample with high fluxes in the 22µm band from the Wide-field Spectroscopic Explorer (WISE ) survey. The requirement for high mid-infrared flux means that the sample is mainly gas-rich and actively star-forming, given the correlation between the mid-infrared luminosities from WISE and the molecular gas mass (e.g. Jiang et al. 2015) . The sample consists of galaxies imaged in 12 CO and 13 CO with sensitivity, angular resolution and field-of-view wellmatched to CALIFA data. The typical 3σ molecular gas mass surface density sensitivity is 11 M pc −2 , and the typical angular resolution is 4.5 (Bolatto et al. 2017) . We use the publicly available 12 CO J = 1 → 0 integrated flux maps from CARMA EDGE. Specifically, we chose the version of these maps made by creating a mask using a smoothed version of the data cubes, and applying this mask to the original (un-smoothed) cubes before integrating. The maps are sampled with 1 × 1 pixels.
We use optical IFU data from the 3rd data release (DR3) of the CALIFA survey. The CALIFA survey consists of about 600 galaxies observed with the PMAS/PPak integral-field spectrograph at the Calar Alto Observatory (Roth et al. 2005; Kelz et al. 2006) . The CALIFA datacubes are available in three spectral setups: (1) a low-resolution setup with 6Å spectral resolution (V 500 ), (2) a mediumresolution setup with 2.3Å resolution (V 1200 ), and (3) the combination of V 500 and V 1200 cubes (called COMBO). The mean angular resolution of CALIFA is 2.5 , which is similar to SAMI and MaNGA. The maps are sampled with 1 × 1 pixels. We used the COMBO data cubes from CALIFA DR3 where available. For the 8 CARMA EDGE galaxies with no COMBO datacubes available, we used the V 500 datacubes instead.
Sample selection
Starting with all 126 CARMA EDGE galaxies, we remove galaxies which are close to edge-on by requiring the minorto-major axis ratio to be b/a > 0.3. For our analysis we need to be able to measure radial profiles of the molecular gas mass density, so we exclude galaxies which are not detected in CO emission, which would prevent us from measuring a radial profile. We use same definition of "detection" as Bolatto et al. (2017) , namely a cube which has at least one beam with at least a 5σ detection in at least one velocity bin (δv = 10 km/s). Furthermore, we remove four galaxies from our sample which are classified as Seyferts according to the SIMBAD database, since we suspect such galaxies may have different central star formation properties (and perhaps molecular gas properties) than non-AGN. We would like to emphasize that the correlation of nuclear activity with cold gas concentration is an interesting topic by itself, but this is outside the scope of the current paper.
These requirements leave us with 64 galaxies. Some basic properties of the sampled galaxies are listed in Table A1 . The galaxies in our sample are located between 23 and 128 Mpc away, or 68 Mpc on average. The angular resolutions of CALIFA (∼2.5 ) and CARMA (∼4.5 ) at these distances correspond to physical diameters of 0.27-1.5 kpc and 0.5-2.8 kpc respectively. The pixel scale of 1 corresponds to a physical scale of 0.1-0.6 kpc. Figure 1 shows our sample (blue circles) in the NUV−r vs. log(M * /M ) plane on top of a volume-limited sample (0.003 ≤ z ≤ 0.03) selected from the NASA-Sloan Atlas 2 (NSA), version 0.1.2. The NUV magnitudes in the NSA catalog are from the Galaxy Evolution Explorer (GALEX ) (Martin et al. 2005) , and the stellar masses are estimated by Blanton & Roweis (2007) based on SDSS ugriz Petrosian magnitudes; see Blanton et al. (2005a Blanton et al. ( ,b, 2011 for details on the NSA. As can be seen, our sample covers a wide range of global properties from the star forming main sequence (the lower part of the plane) through the green valley and into the red sequence, and is roughly representative of the CARMA EDGE survey (the orange circles plus our sample). Compared to the volume-limited sample, galaxies in the EDGE sample have relatively high stellar masses with M * > ∼ 3 × 10 9 M , and are predominately blue or green in colour with some extending into the red sequence. Their mostly-blue NUV−r colours (indirectly) suggests that they have mainly high molecular gas mass fractions according to the tight empirical relation between H 2 mass fraction and NUV−r (Saintonge et al. 2017) . This is expected, given the requirement for high 22-µm WISE luminosity in the EDGE sample selection.
Figure 1 also shows our sample on the Baldwin, Phillips and Terlevich (BPT) diagram (Baldwin et al. 1981) . For reference, we show the BPT diagram for a volume-limited sample from the MPA-JHU catalog 3 derived from SDSS DR8 data. For this plot we have measured the fluxes of the four emission lines in the central 3 of all CARMA EDGE galaxies using the processed CALIFA data. Our galaxies fall mainly in the star-forming and composite regions, with some extending to the LINER region. Compared to the full EDGE sample (orange + blue), our sample lacks Seyfert galaxies which is a consequence of our sample selection as described above. Note that some galaxies are not shown on this diagram, because the signal-to-noise is required to be greater than 3.0 in all four emission lines.
In a later section we analyze the gas content and star formation rate surface density in the nuclei of our galaxies. For that analysis we require at least 50 percent of the pixels in the central 500 pc (radius) to be detected in CO, and not be classified as LINER/AGN. 31/64 galaxies from our primary sample satisfy these more stringent requirements. This smaller sample (which we call our "reduced" sample) is used in §3.3. Figure 1 . Left: NUV−r vs. log(M * /M ) for the sample used in this work (blue circles), the remaining galaxies in the CARMA EDGE survey (orange circles), and a volume-limited sample of low-redshift galaxies with 0.003 ≤ z ≤ 0.03 from the NASA-Sloan Atlas (grey). Right: our sample and the unselected CARMA EDGE galaxies shown on the BPT diagram, overlaid on a volume-limited sample selected from the MPA-JHU catalog (grey). Points lying between the lines of Kewley et al. (2001) and Kauffmann et al. (2003c) are composites, while points toward the lower left are star-forming, and points toward the upper right are LINER. These figures show that our sample consists of mostly star-forming galaxies with stellar masses above ∼ 10 10 M , and are mainly star-forming/composite according to the BPT diagram. Some of our galaxies are classified as LINER-type AGN. We use the spatially-resolved BPT diagrams for each of our galaxies to exclude spaxels from our analysis which are classified as composite or LINER.
Morphological classification
We visually classify all of the galaxies in our sample (done by the first two authors) as either barred or unbarred, and we cross-check our results with two or three independent classifications from the literature. First, we use the morphological classification by the CALIFA team (Walcher et al. 2014) , who classify the galaxies as barred, unbarred, or uncertain. Next, we cross-match our sample with the SIMBAD database (Wenger et al. 2000) to get morphological types and references for each. Additionally, there are 19 galaxies in our sample that overlap with the sample of Lin et al. (2017) , who performed a reliable bar classification by applying the IRAF task ELLIPSE to the background-subtracted r-band images from SDSS. For most galaxies in our sample, these two (or three where available) cross-checks on the bar status agree. Our final classification of barred, unbarred or uncertain is our best judgment of the CALIFA, SIMBAD, Lin et al. (2017) and our own by-eye classification.
Next, each galaxy is classified as either isolated or interacting with another galaxy (mergers or pairs). Galaxies which are classified by the CALIFA team as mergers or isolated are initially put into these two categories. There are a small number of galaxies with uncertain status based on their classification. We then cross-check all isolated/merger classifications with the SIMBAD database, which resolves the uncertain cases, and moves some galaxies classified as isolated into the paired category. Galaxies in SIMBAD are classified as interacting if they belong to catalogues of interacting galaxies such as Vorontsov-Velyaminov et al. (2001) ; galaxies are classified as pairs if they belong to any of the available catalogues of paired galaxies (e.g., Karachentsev 1972; Turner 1976; Barton Gillespie et al. 2003) .
We visually examine the SDSS gri images of all galaxies classified as pairs, and in a small number of cases, the companion galaxies are too far away to affect the central star formation (greater than ∼ 200 kpc as discussed in §1, and/or at significantly different redshifts). Such cases are moved into either the isolated barred or isolated unbarred category.
These classifications are used to group the galaxies into three categories: isolated barred, isolated unbarred, and merger/pair/interacting. Note that pair galaxies may be barred or unbarred. There are no isolated galaxies in our sample with uncertain bar status. In summary, we have 20 isolated barred galaxies, 24 isolated unbarred galaxies, and 20 merger or interacting pair galaxies. The reduced sample mentioned in the previous section consists of 11 barred galaxies, 13 unbarred galaxies, and 7 merger/pair galaxies.
The means and standard deviations of the distances of the barred, unbarred and merger/pair categories are 73 ± 32 Mpc, 66 ± 27 Mpc, and 66 ± 24 Mpc, respectively. Given the similarity of these distributions, we do not expect any distance-related biases to affect the physical resolution of our data. Furthermore, we compare the populations using distance-independent quantities. Figure 2. Maps and radial profiles for example galaxies in our sample. For each galaxy, the upper and lower panels on the left show the optical gri image from SDSS, the Hubble type and subtype (from CALIFA), an indication of whether it has a central upturn in logEW(Hα) (described in Sec. 3.1), and isolated or merger/pair status (described in Sec. 2.3). The maps and radial profiles of D n (4000), EW(Hδ A ), logEW(Hα), log Σ SFR , and log Σ H 2 are shown on the right. On each image or map, ellipses are plotted with semi-major axis of the inner and outer regions where the linear fits are performed. The vertical lines in the radial profiles match the corresponding ellipses. The vertical line in the Σ H 2 profile is the half-gas-mass radius, which is used to calculate gas concentration; the value of the concentration index is indicated below the gri image. The innermost vertical black lines in the middle four panels are determined by eye for each quantity separately (D n (4000), EW(Hδ A ), logEW(Hα)), and the outermost lines are placed 5 beyond these lines. The fitting regions are the same for logEW(Hα) and Σ SFR . In the 4 middle radial profiles, if the CALIFA beam half-width at half maximum is smaller than the inner fit radius, it is shown as the red dashed line. The green lines show the linear fits which are done between the two vertical black lines. If no green lines are shown in Σ SFR , the signal-to-noise was insufficient to fit a line to the radial profile. More details can be found in the text. (2017), we define "upturn" galaxies as those which lie above the +1σ line in the left panel. Upturn galaxies are indicated with grey circles.
Maps and radial profiles of recent SFH diagnostics
We measure three spectral indices, which together tell us the recent SFH for a given spaxel of our galaxies (Bruzual & Charlot 2003; Kauffmann et al. 2003b; Li et al. 2015; Lin et al. 2017 ):
EW(Hα)-Equivalent width (EW) of the Hα emission line. This quantifies the ratio of the current star formation rate (0-30 Myr; Kennicutt & Evans 2012) to the recent past star formation rate. EW(Hδ A )-EW of the Hδ absorption line (the subscript indicates absorption). A strong Hδ A line indicates a burst of star formation which ended 0.1 to 1 Gyr ago (Kauffmann et al. 2003a ). D n (4000)-The 4000Å break. This index is sensitive to stellar populations formed 1-2 Gyr ago. In practice, if D n (4000) 1.6, there has been star formation in this time frame (Li et al. 2015) .
For each galaxy in our sample, we perform full spectral fitting to each spaxel in the CALIFA DR3 COMBO data cube (or V 500 for the few galaxies which do not have COMBO datacubes), using the Penalized Pixel-Fitting code 4 (pPXF) (Cappellari & Emsellem 2004; Cappellari 2017) . The Bruzual & Charlot (2003) simple stellar populations (SSP) and the Calzetti et al. (2000) reddening curve were used during the fitting. The result of the full spectral fitting is a best-fit model spectrum representing the stellar component of the spaxel (continuum plus absorption lines) which is a linear combination of the SSPs, plus a color excess E(B − V) quantifying the overall dust extinction. Both the observed spectrum and the model spectrum are corrected for dust extinction according to this E(B − V). The equivalent width of Hδ A and D n (4000) are then measured from the model spectrum. In addition, we obtain the luminosity-4 http://www-astro.physics.ox.ac.uk/~mxc/software weighted age of the spaxel based on the luminosity and coefficient of the SSPs that form the best-fit spectrum.
The model spectrum is then subtracted from the observed one, and we measure both the dust-corrected flux and the equivalent width for the Hα emission line. We correct for the dust extinction based on the Balmer Decrement measured from the observed spectrum. For this we have assumed a temperature of 10 4 K, an electron density of 10 2 cm −3 in the H ii regions, an intrinsic Hα-to-Hβ flux ratio of 2.86 in case-B recombination (Osterbrock & Ferland 2006) , as well as a Calzetti et al. (2000) reddening curve. The dustcorrected Hα flux is converted to a luminosity using the distance assuming the adopted cosmological parameters §1. A star formation rate (SFR) is then estimated by multiplying the Hα luminosity by 5.3 × 10 −42 M yr −1 (erg s −1 ) −1 as in Murphy et al. (2011); Hao et al. (2011) ; Kennicutt & Evans (2012) . This SFR calibration adopts the stellar initial mass function (IMF) from Kroupa & Weidner (2003) .
We compute radial profiles of each quantity by azimuthally averaging the maps in elliptical annuli separated by 1 along the semi-major axis. The position angles and minor-to-major axis ratios are taken from the CALIFA DR3 supplementary tables 5 (Walcher et al. 2014) . Partial pixel overlap within each annulus is taken into account, and pixels with signal-to-noise ratio less than 1 are set to zero in the averages. The SDSS gri images and the processed maps of D n (4000), EW(Hδ A ) and logEW(Hα), as well as their radial profiles are shown in Figure 2 for four example galaxies from our sample: a barred galaxy in the top (NGC6155), followed by two barred galaxies (NGC4210 and NGC6186) and a merging galaxy (NGC5218). The first two galaxies present similar radial profiles in the recent SFH indicators in the sense that, from galactic center to larger radii, D n (4000) decreases while both logEW(Hα) and EW(Hδ A ) increase. This radial profile shape indicates a relatively old stellar population in the inner region, and less star formation in the re- . Panels from top to bottom are histograms of the logEW(Hα) upturn strength, EW(Hδ A ) upturn strength, D n (4000) turnover strength, and log c mol for barred (blue), unbarred (green) and merger/pair galaxies (red). In each row, the histogram of the corresponding parameter for the full sample is plotted and repeated in the three panels as the black histogram. In the top row the vertical line indicates the 1σ scatter (0.410 dex) of all the points from the 1:1 relation of the observed value of log EW(Hα) at the center to the extrapolated value. Galaxies with ∆ logEW(Hα) ≥ σ (those lying above the +1σ line in Fig. 3 ) are classified as having a central upturn (shown in the grey histogram in the top panels). The distribution of the upturn galaxies in each panel is plotted as the hatched histogram. This figure immediately shows that the upturn galaxies are either barred or mergers/pairs, and none of the unbarred galaxies have an logEW(Hα) upturn.
cent past in this region. Large samples of IFU observations such as MaNGA have shown that radial profiles like this are typical for the general population of galaxies in the local Universe, although the amplitudes and slopes of the profiles depend on galaxy stellar mass (e.g. Wang et al. 2018) . Different from the top two galaxies in Figure 2 , the bottom two galaxies in the same figure show a significant upturn in logEW(Hα) and/or a significant turnover in D n (4000) in their innermost region, indicating star formation has been recently enhanced in the central region. Galaxies with a central turnover in D n (4000) were called "turnover" galaxies in Lin et al. (2017) . Those authors found that almost all turnover galaxies are barred. We note that the two galaxies in Figure 2 with a turnover feature are a barred galaxy and a merger.
Maps and radial profiles of molecular gas mass
We take the integrated flux CO J = 1 → 0 maps from the public CARMA EDGE data release, convert them from their native units of Jy km/s beam −1 to K km/s, and then convert to H 2 gas mass surface densities Σ H 2 in units of M pc −2 by assuming a constant CO-to-H 2 conversion factor α CO = 3.1M pc −2 (K km/s) −1 (Sandstrom et al. 2013 ). The α CO conversion factor has been found to be lower by a factor of about 2 (i.e. α CO = 1.55M pc −2 (K km/s) −1 ) in the central kpc of nearby galaxies (Sandstrom et al. 2013 ). For simplicity, we adopt α CO = 3.1M pc −2 (K km/s) −1 but we do consider the impact of the central α CO on our results in later sections. Radial profiles of Σ H 2 for our sample are computed in the same way as in the previous section. Pixels without CO detections are set to zero in the averages. As a result, Σ H 2 is slightly underestimated at large radii where the fraction of detected pixels is small. However, the fraction of missing flux in the CO maps is small, so this is a good approximation to the true radial profiles (Bolatto et al. 2017) . Maps and radial profiles of Σ H 2 for our example galaxies are shown in the right-most column in Figure 2 .
CENTRAL STAR FORMATION AND THE LINK TO GAS CONCENTRATION

Recent central star formation enhancement
Our identification and measurement of centrally elevated star formation is similar to the procedure described in Lin et al. (2017) . First we calculate radial profiles of logEW(Hα), EW(Hδ A ), D n (4000), and log Σ SFR , and plot them next to the gri composite image from SDSS. We then inspect each profile in the inner region of each galaxy (inside of the spiral arms), and judge whether or not the central region shows an upturn (for logEW(Hα), EW(Hδ A ) and log Σ SFR ) or a drop (for D n (4000)) in the slope of the profile in the innermost region. If such an upturn or turnover is identified, we mark by eye the radius at which it occurs. Next, for each galaxy, and for a given star formation history indicator, we fit a line to the radial profile between r = r t and r = r t +5 , where r t is the turn-up/turnover radius determined by eye in the first step. For radial profiles which are not visually classified as having an upturn/turnover, we still perform the linear fitting, but we set r t to half of the point-spread function (PSF) size of CALIFA (roughly 1.25 ; Walcher et al. 2014 ). In Figure 2 , the linear fits are plotted as green solid lines for the four example galaxies. In each panel the radial range used for the linear fitting is indicated by the two vertical, dotted lines. By our definition, the value of logEW(Hα) or EW(Hδ A ) at the center may be lower than where the fitting is performed (e.g. the logEW(Hα) profiles of NGC4210 in Fig. 2 ), or it may be greater (as in the logEW(Hα) profiles of NGC6186 and NGC5218 in Fig. 2) . In either of these scenarios, the value of the SFH indicator in the center is greater than expected from extrapolating the linear fit to the center.
The upturn/turnover strength of each galaxy, for each of the star formation history indicators, is then quantified by the difference between the observed and extrapolated value in the central region, as measured above. Specifically, for logEW(Hα), EW(Hδ A ) and log Σ SFR , the upturn strength is defined as
where Y (r = 0) is the value of Y in the central radial bin, and Y extrap (r = 0) is the best-fit line extrapolated to r = 0. For D n (4000), the turnover strength is defined as
Note that larger values of ∆D n (4000) (∆Y ) correspond to stronger turnovers (upturns). The upturn and turnover strengths of each galaxy in our sample are listed in Table A2 .
In Figure 3 , which shows the central observed value of each star formation history indicator compared to the value of the line extrapolated to the center for all the galaxies in our sample. Barred, unbarred and merging/paired galaxies are plotted as blue triangles, green circles and red squares, respectively. The 1:1 relation represents no difference between the observed and extrapolated values. We divide our galaxies into two sets (those with or without an upturn in logEW(Hα)) by comparing the observed value of the logEW(Hα) profile at r = 0 with the value of the fitting line extrapolated to r = 0. A galaxy is classified as having an upturn if it lies above the 1:1 relation (the solid line) plus the 1σ scatter (the dotted lines) on the left panel of Figure 3 . The scatter is the standard deviation of all points with respect to the 1:1 line. We note that turnover/non-turnover galaxies in Lin et al. (2017) were divided in the same way but using D n (4000) rather than logEW(Hα). Figure 4 shows histograms of the upturn and turnover strengths of our sample, for three of the star formation history indicators: ∆ logEW(Hα), ∆EW(Hδ A ), and ∆D n (4000). Results are shown for the barred (red), unbarred (green) and paired/merging (red) galaxies separately in panels from left to right. The separating value of ∆ logEW(Hα) = 0.410 dex, which is determined from the scatter of the points about the 1:1 relation in Fig. 3 , is shown as the vertical dashed line in the top row of Fig. 4 . In the second and third rows of the same figure, we show the distributions of our sample in logEW(Hδ A ) and D n (4000), highlighting the logEW(Hα)-upturn galaxies as hatched histograms. The mean and uncertainty on the mean upturn strengths from each SFH indicator are shown in Table 1 .
Both Figure 3 and Figure 4 show that none of the unbarred galaxies in our sample are classified as having an logEW(Hα) upturn. The majority of the upturn galaxies Table 1 . Mean molecular gas concentrations and upturn/turnover strengths for our full sample Merger/pair Central observed Central extrapolated Figure 5 . Observed central average (in the inner 3 ) of log Σ SFR (circles) and the linear fit extrapolated to the center (crosses) as a function of stellar mass in the SDSS fiber (provided in CALIFA DR3). The galaxies shown in this plot are a subset of our reduced sample ( §2.2) for which we can perform linear fitting to the radial profiles of Σ SFR . The blue background population are galaxies lying within 0.5 dex of the star-forming main sequence (SFMS; Catinella et al. 2018) , and the red background population are galaxies more than 0.7 dex below the SFMS. We have converted the SDSS fiber SFRs to surface densities by dividing by the physical area of the fiber in kpc 2 . This figure shows that bars are linked to increases in the central star formation rate surface density.
are barred (15/22), followed by mergers and pairs (7/22). On the other hand, not all of the barred or paired/merging galaxies have upturns. This result suggests that either a bar or galaxy-galaxy interactions/mergers is necessary, but neither alone is sufficient for the central upturn to occur. In agreement with Lin et al. (2017) , we find that most galaxies classified as having a central upturn in logEW(Hα) also have a relatively strong EW(Hδ A ) upturn and D n (4000) turnover. These results suggest an enhancement in both the recent and ongoing star formation at the center of the upturn galaxies.
In Figure 5 we compare the central-observed and central-extrapolated log Σ SFR as a function of global stellar mass for barred (left panel), unbarred (middle panel) and merger/pair (right panel) galaxies. The galaxies shown in this plot are a subset of our reduced sample ( §2.2) for which we can perform linear fitting to the radial profiles of Σ SFR . For reference, in each panel we show the distribution of the volume-limited galaxy sample selected from the MPA/JHU SDSS database (see above), for which the SFR is measured from the SDSS 3 -fiber spectroscopy. We find that barred galaxies generally have observed values of Σ SFR that are significantly higher than expected (by ∼0.5-2 dex), effectively bringing the central Σ SFR from values that would be typical of the quiescent population or green valley, up into the star-forming main sequence. For unbarred galaxies, we see little change in the central SFR surface density, as expected. Overall, these results are consistent with the theoretical expectation that the central region may be rejuvenated by star formation enhancement driven by a bar. The merger/pair galaxies appear to either have no enhancement or centrally suppressed star formation, however, this is not representative of merger/pair galaxies as a whole due to the selection cuts.
3.2 Recent central star formation vs. molecular gas concentration Figure 6 displays the H 2 gas mass surface density profiles Σ H 2 (r) for barred (left), unbarred (middle) and merger/pair galaxies (right), and for the subsets of upturn galaxies (upper panels) and non-upturn galaxies (lower panels), as classified above. In this figure we have normalized each profile to the value of log Σ H 2 at r = 0.75r 50 , and have scaled the radius r by r 50 . In each panel we also show the mean profile and the standard deviation around the mean. The upturn galaxies on average show a centrally-peaked molecular gas profiles. The peak value of the normalized gas profiles relative to 0.75r 50 is ∼ 1 dex for upturn galaxies and all merger/pairs, vs. ∼ 0.5 dex for unbarred galaxies. Almost all of the non-upturn barred or unbarred galaxies have a molecular gas profile without a central peak. Also, some galaxies show unusual profiles, deviating to varying degrees from the average profile of their type. These outlier galaxies are interesting targets for individual follow-up work.
We measure a molecular gas concentration index for each of our galaxies, defined by
where r 50 is the half-light radius in the SDSS r-band, obtained from the NSA, and r 50,mol is the radius enclosing half of the total molecular gas mass. This definition of concentration is similar to the optical concentration index which is commonly used in the SDSS-based studies and defined as c r ≡ r 90 /r 50 , where r 90 is the radius enclosing 90% of the rband light. A larger value of c mol indicates a higher central concentration of gas mass. The molecular gas half-mass radius was used in early single-dish surveys such as Young et al. (1995) , and was estimated for many but not all (38/64) of the galaxies in our sample by the EDGE-CALIFA team (Bolatto et al. 2017 ). For completeness, we redo the measurements for all 64 galaxies in our sample. We measure r 50,mol by computing the cumulative molecular gas mass radial profile (in linear units, not logarithmic), and determine the radius at which the enclosed mass equals half of the total H 2 mass. We have adopted two different methods to measure the total H 2 mass. In the first method, which is our fiducial method, we ignore non-detections and estimate the total H 2 mass by the sum of the detected pixels. In the second method, we include nondetections as 1σ upper-limits, where σ is the RMS noise in each pixel, obtained from the unmasked CARMA EDGE integrated flux maps. In this case the H 2 mass in each radial bin is the sum of the detections and non-detections, unless the fraction of detected pixels in that bin is less than 0.05, as was done in Mok et al. (2017) when measuring the radial profiles of H 2 for galaxies in the NGLS (Wilson et al. 2012) . In both methods, the enclosed mass as a function of radius is given by the integral of the radial profile of M H 2 , and is used to determine the half-mass radius. We find that the two methods lead to almost identical measurements, indicating that non-detection pixels contribute little to the total H 2 mass.
All values of c mol are computed using the first method. Four of the galaxies in the merger/pair category have r 50,mol that is < 2× the CARMA resolution, so we have quoted their concentrations as lower limits. The rest of our galaxies have r 50,mol which is significantly larger than the CARMA resolution. The bottom panel of Figure 4 shows the distribution of molecular gas concentrations for our sample as a whole and for the subsamples of barred, unbarred and merger/paired galaxies separately. The molecular gas concentrations of the galaxies in our sample are also listed in Table A2 .
We have also compared our r 50,mol with those of Bolatto et al. (2017) , and find the two to agree well, with no systematic differences. The mean absolute differences in r 50,mol are 1.6 and 1.8 for the two methods adopted in our case, comparable to the 1 pixel size. In Sheth et al. (2005) the total H 2 masses were obtained from single-dish CO measurements, while the nuclear H 2 mass were obtained from spatially resolved CO maps. We do not have single-dish CO data, but, as discussed in Bolatto et al. (2017) , the total flux in the CARMA EDGE maps matches well with expectations based on single-dish CO calibrations from Saintonge et al. (2011) . We have also investigated the potential impact of a central drop in the CO-to-H 2 conversion factor α CO in our analysis, and find that the change in c mol is negligible.
In Table 1 we show the mean and error on the mean of log c mol for barred, unbarred, and merger/pair galaxies. We have calculated these quantities for all galaxies in each category, and the upturn/non-upturn galaxies separately. Galaxies with an upturn (barred or merger/pair) have significantly higher concentrations than unbarred galaxies. Barred galaxies without an upturn have significantly lower concentrations than all other categories. Interestingly, merger/pair galaxies without an upturn have relatively high gas concentrations, which are consistent on average with those with an upturn. These results show that, in order to have an upturn, it is not enough to be a merger/pair with high molecular gas concentration.
In Figure 7 we examine the correlation of central star formation enhancement with molecular gas concentration, by showing the ∆ logEW(Hα) (first row), ∆EW(Hδ A ) (second row), and ∆D n (4000) (third row) as a function of log c mol for the three main categories (barred, unbarred, and merger/pairs). The Pearson correlation coefficients shown in Fig. 7 show that the strongest correlations are between log ∆EW(Hα) and log c mol for barred galaxies, and between ∆D n (4000) and log c mol for barred galaxies. There also appears to be some correlation between ∆EW(Hδ A ) and log c mol for unbarred galaxies. There does not appear to be a significant correlation between upturn strength and concentration in other panels. The lack of correlation between central SF enhancement and c mol in merger/pair galaxies . Azimuthally-averaged radial profiles of H 2 mass surface density for all galaxies in our sample. Each profile of log Σ H 2 has been normalized to the value at 0.75r 50 . In the top row, we show galaxies that have been identified as having a central upturn in logEW(Hα) (see Sec. 3.1); and in the bottom row are galaxies with no central upturn. Note that the upper middle plot is empty because there are no unbarred galaxies in our sample which show an logEW(Hα) upturn. In each panel, the black circles and error bars are the mean and error in the mean of the profiles in each radial bin. The black profiles show that barred galaxies, mergers and pairs with logEW(Hα) upturns have centrally-peaked profiles with a steeper slope at r 0.5r 50 , while non-upturn barred and unbarred galaxies tend to have flatter profiles at these radii. may be suggesting that the enhancement may be episodic. It is interesting that there are some merger/pair galaxies with significant enhancements in D n (4000) but not in EW(Hδ A ) or logEW(Hα) and with relatively low gas concentrations.
Here we assess whether such correlations may be due to our particular definition of molecular gas concentration. The top panel of Figure 8 shows the comparison between our concentration parameter and an alternative definition from Sheth et al. (2005) , namely Σ H 2 in the central kiloparsec divided by the total Σ H 2 . In their analysis, the total Σ H 2 was obtained from single-dish CO measurements, whereas we measure it from the CARMA CO maps. Specifically, we measure the total H 2 mass within r 50 and divide by the area of the corresponding ellipse. The Pearson correlation coefficient between these quantities is 0.75, indicating a good correlation. Thus, if we were to use this alternative concentration in our analysis, our results would not change significantly. The lower panel of Fig. 8 shows our concentration versus Σ H 2 calculated in the central kpc (500 pc radius). Again, the correlation coefficient of 0.70 suggests a significant correlation, and our results would also not change significantly if we were to use Σ H 2 in the central kpc in place of c mol .
We do not find significant correlations between c mol and parameters which quantify the global properties of a galaxy, namely global stellar mass (from the NSA; r = 0.16), NUV−r colour (from the NSA; r = 0.29), optical concentration (r 90 /r 50 , from the NSA; r = 0.41), H 2 mass fraction (M H 2 /M * ; r = 0.33), or H i mass fraction using H i measurements from the ALFALFA 100% catalog (Haynes et al. 2018) or the HyperLeda database (Makarov et al. 2014 ) (r = −0.23). We find a slight correlation between log c mol and H 2 -to-H i mass ratio (r = 0.48). In a sense, this quantity is also a gas concentration, because it is a measure of the gas mass in a small area (H 2 tends to be more centrally concentrated) divided by the gas mass in a large region (H i is known to have a larger spatial extent than H 2 ), so this tentative correlation is not surprising. These results indicate that the gas concentration is indeed caused by bars or mergers, an effect which is independent of galaxy mass, global color or light concentration.
Linking central star formation enhancement with molecular gas mass profiles
For another perspective, rather than comparing the relative enhancement in star formation history indicators between barred/unbarred and merger/pair categories, here we compare the absolute values of log Σ SFR and log Σ H 2 in these categories. For this analysis we have used the reduced sample (31 galaxies) described in §2.2. Figure 9 shows log Σ SFR and log Σ H 2 for barred (left), unbarred (middle), and merger/pair galaxies (right). For each galaxy we show the means and uncertainties of these surface densities, calculated in the central kpc (500 pc radius, shown as the coloured symbols) and in the disk (r ≤ r 50 , triangles). The uncertainties include measurement errors as well as a 10% calibration uncertainty in each quantity. A Galactic α CO was used for all points. We use these measurements to compute molecular gas depletion times
where Σ mol = 1.36Σ H 2 (where the factor of 1.36 accounts for the presence of helium). We have measured the mean and uncertainty on the mean of log Σ H 2 , log Σ SFR , log τ depl. , and log(τ cen. /τ disk ), all of which are shown in Table 2 . The measurements for each galaxy are given in Table A2 . Table 2 shows that barred galaxies with an upturn have a slight drop in depletion time in their centers compared to their disks, while unbarred galaxies have a slight central rise in depletion time. Although α CO in the central kpc may be lower by a factor of 2 (Sandstrom et al. 2013) , this would shift all log(τ cen. /τ disk ) lower by 0.3 dex, without changing their uncertainties. This would turn the central rise in τ depl. for unbarred galaxies into a slight drop, but would turn the drop for barred galaxies into an even larger drop. However, the relative value of these quantities between the barred, unbarred and merger/pair categories should not be affected by such variations in α CO .
We would like to emphasize that due to the small number statistics here, we do not interpret these findings as strong evidence. The best statistical comparison we can make is between barred upturn galaxies and unbarred galaxies -we find log(τ cen. /τ disk ) is lower in barred upturn galaxies than unbarred galaxies by 0.17 ± 0.10 dex. Merger/pair galaxies do not show a statistically significant increase or decrease in depletion times in their centers on average, but from Fig. 9 , one can see that some of these galaxies have log(τ cen. /τ disk ) ≤ 0, while others have log(τ cen. /τ disk ) > 0.
These results are similar to those of Utomo et al. (2017), 
1.84 ± 0.10 1.08 ± 0.09 −1.17 ± 0.10 −1.85 ± 0.08 9.14 ± 0.04 9.06 ± 0.05 0.07 ± 0.04 Note: a Galactic α CO was assumed, and a 10% calibration uncertainty is included in both Σ H 2 and Σ SFR .
Here, "center" refers to r < 500 pc, and "disk" refers to 500 pc ≤ r ≤ r 50 . a Galaxies which have an upturn in logEW(Hα) or not. who found log(τ cen. /τ disk ) for barred and interacting galaxies to be −0.22±0.28 dex and −0.42±0.51 dex respectively. They found this ratio to be −0.03 ± 0.35 dex for unbarred galaxies. Those authors used a slightly different definition of "center" and "disk," which may be the reason for an offset between our ratios and theirs, however the relative difference between barred, unbarred and interacting is similar to what we find.
COMPARISON TO AN N-BODY SIMULATION
To understand our results better, we make a brief comparison with N-body simulation results. We chose an observed galaxy which resembled a simulated galaxy available to us. We did not make a number of further simulations in order to optimally fit this observed galaxy. Thus the comparisons we make here are, by necessity, qualitative, rather than quantitative. The observed galaxy chosen is NGC 5000, shown in the right panel of Figure 10 . Its stellar mass is 5.37×10 10 M and the bar length (semi-major axis) is 7.9 kpc (measured by Lin et al. 2017 ). The simulation we chose was built in the same way as those described in Athanassoula et al. (2016, hereafter A16) , except that it starts off with one single protogalaxy, not a pair that eventually merges. This protogalaxy is composed of a dark matter halo and a hot gaseous halo. The former consists of 1.75 million collisionless particles and the latter by 1 million smoothed particle hydrodynamics (SPH) particles. The mass resolution is 5 × 10 4 M and the linear resolution equal to 25 pc for the baryonic particles, while the corresponding values for the dark matter are 2 × 10 5 M and 50 pc, respectively. The simulation code is based on Gadget3 (Springel & Hernquist 2002 , 2003 Springel et al. 2005) , with only a few modifications, described in detail in A16. The initial conditions and the way they were built are also described in A16. Initially there is no protodisc, but during the evolution the gas cools by radiation and falls to a plane perpendicular to the initial halo spin axis, thus forming a gaseous disc which, via star formation, becomes partly stellar. As the disc forms, it grows in radial extent and the gas-to-total-baryonic mass ratio decreases, in good agreement with observations. A stellar bar starts forming and evolves at the same time as the disc. We discuss here the snapshot corresponding to a time of roughly 10 Gyr after the beginning of the simulation. At that time the stellar mass is equal to 2.1 × 10 10 M and the bar length (semimajor axis) equal to 8.1 kpc.
The face-on morphology of the gaseous and stellar components of the simulated disk are similar to the real galaxy (Figure 10) . In both the real and simulated galaxy, the bar is long and strong, and both galaxies have an inner ring enveloping the bar and elongated in the direction of the bar major axis. Further out, NGC 5000 has a two-armed spiral emanating roughly perpendicularly from the ends of the bar and which, in its outer part, wraps into an outer ring. The simulation snapshot also has a two-armed spiral emanating in the same way from the two ends of the bar and also wrapping into an outer ring in the outer region. Keeping in mind that the simulation was not built specifically to model NGC 5000, the two are qualitatively very similar. Figure 11 shows the radial profile of mean stellar age calculated along the bar major axis. The mean age is calculated in different ways for the simulated and the observed galaxies. For the simulation, the mean age at a given radius is calculated weighted by mass and so it implicitly assumes that a given mass of dwarf stars contribute the same light as the same mass of giants. On the other hand, the observations are weighted by luminosity ( §2.4), so that older dwarf stars do not contribute much, if at all. We thus expect to find that the mean ages calculated from the observations are Correlation between molecular gas concentration and the concentration defined by Sheth et al. (2005) , namely Σ H 2 calculated in the central 1 kpc divided by Σ H 2 calculated over the whole CO disk (which is approximately r 50 ). Bottom: Correlation between molecular gas concentration and Σ H 2 calculated in the central 1 kpc. The Pearson correlation coefficient r using all galaxies is shown in both panels.
younger than those calculated from the simulations. Despite this difference, there are many interesting conclusions to be reached from Fig. 11 . To visualize them better, we shifted the simulated age radial profile downwards by 2.6 Gyr so that the two profiles could be more easily compared. In the innermost part of both galaxies there is a deep and narrow minimum. In the simulation, the bar exerts torques on the gas and pushes it inwards. The gas is concentrated in a small central area, where it reaches very high densities. It will thus be the locus of high star formation, and therefore of stellar ages much younger in the mean than those of the surrounding regions. This explains the deep and narrow minimum observed in both the profiles of Fig. 11 . One difference is the width of the central dip, which is 0.7 kpc for the simulated galaxy, versus 1.4 kpc for the observed one. Simulations (e.g. Athanassoula 1992 ) have shown that the size of this region can be associated with the inner Lindblad resonance (ILR) of the bar. The difference in sizes could be due either to differences between the mass distribution in the center-most regions of the galaxies we compare or to a higher pattern speed of the simulated bar.
Beyond this innermost region, the mean age decreases with increasing distance from the center. This is true both for the simulated and the observed galaxy and argues strongly in favor of inside-out formation of both the disk and the bar. Bars are believed to be formed inside-out, i.e. as they evolve they grow longer by trapping stars in their outer parts (for a review on bar formation and evolution see Athanassoula (2013) ). The decrease of the mean age with increasing distance from the center shown in Fig. 11 argues very strongly in favor of the current theory of bar formation and evolution.
We have examined the mean stellar age profile for all the galaxies in our sample, and find that a central drop is similarly seen in many (but not all) of the barred galaxies, while unbarred galaxies basically show no/weak central features. Extensive comparisons with simulations for different types of galaxies, to be hopefully performed in future works, should be able to provide better constraints on models of bar formation and models of bar-driven secular evolution of galaxies.
DISCUSSION
How often do we see a central star formation enhancement?
Our sample consists of 64 nearby galaxies, including 44 isolated galaxies with regular morphologies (20 barred and 24 unbarred), and 20 mergers or paired galaxies. A third of all the galaxies (22/64) in our sample present a significant central upturn in logEW(Hα), including 15 barred isolated galaxies and 7 mergers/pairs. This is a large fraction compared to expectations from the traditional view that spiral galaxies host redder and older galactic centers with less star formation than their outer discs. This result echoes a similar fraction of "turnover" galaxies found in Lin et al. (2017) , where 17 out of 57 galaxies were identified as having a central turnover in D n (4000). We note, however, that Lin et al. (2017) excluded mergers/pairs from their sample. If mergers and pairs are also excluded from our sample, the fraction of upturn galaxies remains similar though slightly higher, 34.1% (15/44). As discussed in Lin et al. (2017) , almost all of the galaxies with a central drop in D n (4000) present central upturn features in both EW(Hδ A ) and logEW(Hα). Therefore, a higher upturn fraction in our sample should not be attributed to the fact that Lin et al. (2017) used D n (4000) as the nominal definition of enhanced central star formation rather than logEW(Hα). As pointed out above, by selection the EDGE-CALIFA sample is biased to gas-rich galaxies. Therefore, a higher fraction of upturn galaxies in our sample might imply that the central star formation enhancement happens more frequently in galaxies with more cold gas. As pointed out earlier ( §2.2), our sample is limited to relatively high-mass galaxies with few below M * ∼ 10 10 M (see Fig. 1 ). Therefore, one might expect the upturn galaxy fraction to increase if the sample includes galaxies of lower masses which are more gas-rich. . log Σ SFR vs. log Σ H 2 in the central 0.5 kpc (in semi-major axis; coloured symbols) and over annuli covering 0.5kpc < r ≤ r 50 (in semi-major axis; grey triangles). These two are connected by lines for each galaxy. There are fewer galaxies shown here than in Fig. 6 because here we are using the reduced sample, described in §2.2 and §2.3. Galaxies classified as having a logEW(Hα) upturn are identified with black open circles. The same (Galactic) CO-to-H 2 conversion factor was used for all points -if a lower α CO were used in the central kpc, the central points would shift leftward by 0.3 dex. The diagonal lines indicate constant H 2 depletion times. This plot shows where barred/unbarred/interacting and upturn/non-upturn galaxies lie in terms of their absolute values of log Σ SFR and log Σ H 2 . It is clear that barred galaxies extend to higher Σ SFR and Σ H 2 in the central region than unbarred galaxies. The mean and uncertainty on the mean for each parameter are shown in Table 2 . Figure 10 . Shown in the left and middle panels are maps of the gas and stars in a simulated galaxy at a snapshot in time. The right panel shows the optical gri image of NGC 5000, a galaxy from our sample. The bar length of the simulated galaxy is 8.1 kpc, and that of NGC5000 is 7.9 kpc as measured by Lin et al. (2017) . These images show the qualitative similarity of the observed and simulated galaxy.
It is thus natural to conclude that the central star formation enhancement occurs commonly in local galaxies, with a fraction of at least 1/3. The central upturn or turnover in the spectral indices can be observed only when spatially resolved spectroscopy like IFU data is available. Multi-band imaging should be also useful, and probably more applicable, if one were to study such central features for larger samples. In this case color indices can be used as reasonably good indicators of recent star formation history, although they suffer from dust extinction more seriously than spectral indices. We predict that a large fraction of galaxies must present a central drop in their color maps or profiles, an effect that can be tested with existing/future large-area imaging surveys at different redshifts.
Can bars and mergers together fully account for the central star formation enhancement?
The fact that all galaxies in our sample with a central upturn in logEW(Hα) are either barred, mergers, or pairs, and that no unbarred galaxies (24) present an upturn feature strongly suggests that bars, mergers and pairs fully account for the central star formation enhancement occurring in our sample.
On the other hand, 5 of the 20 barred galaxies and 13 of the 20 mergers/pairs present no upturn features in their center. This result suggests that the presence of a bar or tidal interactions is necessary, but not a sufficient condition for the central star formation enhancement, in agreement with the conclusions of Lin et al. (2017) .
Our work extends their findings by including mergers NGC5000 Simulated galaxy, along major axis Simulated galaxy, along major axis, shifted Simulation bar semi-major axis NGC5000 bar semi-major axis Figure 11 . Comparison of stellar age radial profile of NGC 5000 (solid dots) with that of the simulated galaxy (solid and dashed lines). The semi-major axis of the bar in the simulated and real galaxies are indicated by the blue and black vertical lines. The stellar age profile of the simulated galaxy, shown in the solid line, was shifted downwards by 2.6 Gyr for comparison purposes (the dashed line). This figure shows that the simulation is quantitatively similar to the observation. The central drop in age and the feature occuring at the bar end could be associated with the inner Lindblad resonance of the bar. The gradual decrease in age with increasing radius may be evidence for inside-out formation of the bar.
and paired galaxies in the analysis. Bars and mergers appear to respectively account for ∼2/3 and ∼1/3 of the central upturn phenomenon. Previous studies of large samples from SDSS have examined the correlation of central star formation with both galaxy-galaxy interactions (e.g. Li et al. 2008 ) and the internal bar structure (e.g. Wang et al. 2012) . Li et al. (2008) found ∼ 40% of the most strongly star-forming galaxies in the local Universe have a close companion, while Wang et al. (2012) found that only half of the galaxies with centrally enhanced star formation host a bar. The two studies combine to suggest that bars and interactions can roughly account for the central star formation enhancement occurring in low-redshift galaxies. It is encouraging that the same conclusion is reached by both the SDSS-based studies of large samples, i.e. Li et al. (2008) and Wang et al. (2012) which used single-fiber spectroscopy, the work of Lin et al. (2017) , and the current work which uses integral field spectroscopy. In addition to instabilities driven by bars and tidal interactions, other mechanisms have been previously proposed such as spiral-driven instabilities (Sellwood 2011 ) and bardriven angular momentum exchange with the hosting dark matter halo via the resonances (Athanassoula 2003) . A common purpose of all these mechanisms is to transport cold gas from the disk to the central kiloparsec, where star formation is triggered due to increased gas density. In this work we have shown that molecular gas is indeed more concentrated when central star formation enhancement is observed (Fig. 7) . More importantly, our work shows that the star formation enhancement can be substantially explained by bars and mergers, with no need to have additional mechanisms. Again, however, we should emphasize that our sample is biased to relatively high-mass and gas-rich galaxies. Larger samples covering wider ranges of mass and color would be needed if one were to have a complete picture of the physical mechanisms behind the central star formation enhancement.
Bar-driven central SF enhancement as a long-lived effect
Our results suggest that bar-induced central star formation is a long-term process lasting at least 1-2 Gyr. This can be seen from both Fig. 4 and Fig. 7 , where barred galaxies with a central upturn in logEW(Hα) also show a central upturn in EW(Hδ A ) and a central drop in D n (4000). We know that a central drop in D n (4000) indicates that a considerable fraction of young stellar populations were formed in the central region 1-2 Gyr ago, a central upturn in EW(Hδ A ) reveals the existence of a starburst ending 0.1-1 Gyr ago, and a central upturn in logEW(Hα) indicates ongoing star formation. Therefore, the fact that both a D n (4000) drop and an EW(Hδ A ) upturn are associated with barred, logEW(Hα)-upturn galaxies implies that the central star formation induced by the bar started at least 1-2 Gyr ago, and is still happening at the moment.
Is high c mol a necessary and sufficient condition for central star formation enhancement?
Our results show that high gas concentration is neither a necessary, nor sufficient condition for enhanced central star formation to occur. This can be seen from both Fig. 4 and Fig. 7 . On the one hand, the upturn galaxies (particularly those with a bar) span the full range of log c mol , although the majority of them have higher gas concentration than non-upturn galaxies, with log c mol 0.3 in most cases. This result suggests that a highly concentrated gas distribution is an important, but not a necessary condition for the central upturn to occur in our galaxies. On the other hand, we see some galaxies in our sample with high gas concentration log c mol > 0.3 but without a central upturn. This result indicates that high gas concentration alone is not sufficient for the central upturn.
It is interesting that all of the galaxies with no central upturn but with high gas concentration are in the category of mergers/pairs, except for one galaxy, NGC7819, which is an unbarred galaxy with log c mol ∼ 0.6 (see § A1 for more discussion on this galaxy). For barred galaxies, we see that all those with log c mol > 0.3 present a central upturn in logEW(Hα), with no exception, although a central upturn/turnover in EW(Hδ A ) or D n (4000) is not associated in a few cases. Thus, bars seem to be more efficient than mergers in triggering enhanced star formation in galactic centers, even when cold gas is not highly concentrated. However, star formation may be underestimated in mergers due to high levels of dust extinction. We conclude that high gas concentration is neither necessary, nor sufficient, and that the presence of a bar in most cases or mergers/interactions in other cases appear to be a crucial condition for central star formation enhancement.
CONCLUSIONS AND FUTURE WORK
We have studied the spatially-resolved molecular gas and indicators of recent star-formation history for 64 nearby galaxies using CARMA EDGE CO J = 1 → 0 and CAL-IFA optical IFU data. We divide our sample of 64 galaxies into three subsamples based on morphology: barred (20), unbarred (24), and mergers/pairs (20). The resolved gas and star formation history data are used to compare these three subsamples. We use the equivalent width of the Hα emission line logEW(Hα), equivalent width of the Hδ absorption line EW(Hδ A ) and the 4000Å break D n (4000) to measure the strength of recent star formation in the central region compared to the outer part of the central region (inside the spiral arms). These three parameters allow us to probe the star formation history at three times: 0-30 Myr (EW(Hα)), 0.1-1 Gyr (EW(Hδ A )), and 1-2 Gyr (D n (4000)). We measure a molecular gas concentration index c mol defined as the ratio of the optical half-light radius to the molecular gas half-mass radius r 50,mol measured from radial profiles of the publicly available EDGE CO J = 1 → 0 maps.
After comparing the central star formation history and molecular gas concentration for subsamples of barred, unbarred and merging/paired galaxies, we reach the following conclusions:
• Out of the 64 galaxies in our primary sample, 22 show a central upturn in logEW(Hα), of which 15 are barred, none are unbarred, and 7 are mergers/pairs. Galaxies with upturns have higher gas concentrations than barred or unbarred galaxies without upturns (Table 1) . Merger/pair galaxies without upturns have average concentrations similar to galaxies with upturns.
• The level of enhanced central star formation is positively correlated with molecular gas concentration for barred galaxies, and in all three SFH indicators. No significant correlations are found for unbarred or merger/pair galaxies ( Figure 7 ).
• Barred galaxies with upturns in logEW(Hα) have significantly higher values of upturn and turnover strengths than merger/pair galaxies with upturns (Table 1 ). The average gas concentrations are consistent between these two categories. However, barred galaxies with no upturn have significantly lower gas concentrations than merger/pair galaxies with no upturn. These results imply that bars are efficient in enhancing central star formation, which is long-lived (1-2 Gyr).
• Our observational results provide strong support to the current theory of bar formation in which bars form and grow from inside out, transporting cold gas from the disk to the central region, which leads to significant enhancement in star formation. The simulation ( §4) successfully reproduces two major features in the azimuthally-averaged radial profiles of luminosity-weighted age obtained from the data, namely the sharp decrease of stellar age in the galactic center and the gradual decrease of age with increasing distance from center. This qualitative comparison provides evidence for a picture in which cold gas is transported inward due to a bar or tidal driving, which leads to the growth and rejuvenation of the central region.
Some important issues are not yet addressed in the current work, such as the correlation of central upturn strength with bar length and ellipticity (which are commonly used to quantify the strength of a bar), and the distribution of cold gas and star formation indicators along and surrounding the bar. Lin et al. (2017) found a weak correlation between the radius of D n (4000) turnover and bar length. It would be interesting to examine whether the gas concentration is also somehow correlated with bar properties. Secondly, the merger/pair category may be studied in more detail, e.g. by further splitting the galaxies into subsets according to pair separation and merger status to examine how the central star formation and gas distribution evolve as the interaction/merger proceeds. It would also be interesting to have more detailed analyses of the exceptional galaxies in our sample, as mentioned in the previous subsection. What are the reasons for variations in the barred galaxies? Do different concentrations indicate different stages of bar-driven gas transport? Finally, one may also want to examine the effects of different environments, such as ram-pressure stripping and tidal stripping that occur in/around massive dark halos and can effectively strip hot/cold gas of satellite galaxies. For this purpose our sample is probably too small, and larger samples with both integral field spectroscopy and CO intensity mapping are needed.
From the theoretical side, it is important to make comparisons for different types of galaxies and for models with different bar strengths, gas properties, feedback, star formation, as and dark matter halo properties. In this work we have focused our observational analysis on stellar populations, while ignoring dynamical properties of our galaxies which can be measured from integral field spectroscopy as well. As mentioned above, the radius where the central upturn/turnover occurs may be related to either the mass distribution in the innermost region or the pattern speed of the bar (e.g. Athanassoula 1992 ). The latter can be measured by dynamical modelling of the kinematics of stars in the galaxy based on integral field spectroscopy data. Therefore stellar population synthesis and dynamical modelling in combination are expected to provide more powerful constraints on bar formation models. Table A1 shows basic properties of the galaxies in our sample, and Table A2 shows measurements derived from our analysis.
A1 Notes on individual galaxies
Here we mention a few galaxies which show unusual or extreme behaviours based on Figure 7 . Their optical images, SFH indicators, molecular gas maps and radial profiles are shown in Fig. A1 . NGC0447: the barred upturn galaxy with the highest value of c mol . This galaxy has a strong and old bar, high NUV−r colour (6.0; the bluest of all our barred galaxies), and high stellar mass (10 11.0 M ; the second highest of all our barred galaxies). The especially high gas concentration in this galaxy is likely due to the very strong bar transporting gas inwards, rejuvenating star formation in the central region of this relatively red galaxy. The red colour and old bar of this galaxy also supports the interpretation that the strong upturn in all three SFH indicators for this galaxy means that the enhancement has been occurring consistently for at least 1-2 Gyr due to the bar. This galaxy is at a relatively late stage of bar-driven gas transport and subsequent evolution. NGC3381: the barred galaxy with a very high ∆EW(Hδ A ) but with only intermediate c mol . This galaxy is blue in colour (NUV−r = 2.0, the bluest of all our barred galaxies), and has a low stellar mass (10 9.6 M ; the lowest of all our barred galaxies). This galaxy has an observed value of EW(Hδ A )= 5.05Å, the highest in our sample (middle panel of Fig. 3) , and is consistent with the definition of a post-starburst galaxy. NGC7819: the unbarred galaxy with the highest c mol . With an NUV−r of 2.1 mag (the bluest of the unbarred galaxies), this galaxy is clearly blue and star-forming. This galaxy has quite a large optical radius (23.8 ), and a relatively small r 50,mol . Given this high concentration, why does it not show enhanced central star formation in any of our SFH indicators? With a central log Σ H 2 of 2.27M pc −2 and central log Σ SFR of −0.58M yr −1 kpc −2 , which are not dissimilar from the central values of these quantities in barred upturn galaxies (Fig. 9 ), it appears that central SFR and H 2 surface densities being similar to barred galaxies, and having a high molecular gas concentration are not sufficient conditions for enhanced central star formation. A bar or galaxy interaction appears to be needed too, as discussed above. It would be interesting to study the dense gas in this system -it could be that the gas is not sufficiently dense to form stars without a bar. NGC4211NED02: the merger galaxy with the highest c mol but no significant central upturn. This galaxy has NUV−r of 3.7, and stellar mass of 10 10.0 M . It is in a close pair with NGC4211A (not in our sample), with a projected separation of approximately 16 kpc. The CO emission for this galaxy is very compact, and since r 50,mol is less than twice the CARMA beam scale, c mol should be considered a lower limit (as indicated in Table A2 ). This galaxy does not show an upturn, however it shows a significant D n (4000) turnover (see the bottom-right panel of Fig. 7) . The turnover strength for this particular galaxy should be interpreted with caution, because the size of the central region of this galaxy is quite close to the resolution of CALIFA. Although the optical radius of this galaxy is 19 , this is likely due to the irregular morphology. The size of the inner region is much smaller, which makes our fitting less reliable.
Finally, we would like to mention that there are two luminous infrared galaxies (LIRGs) in our sample: ARP220 and NGC2623. In both galaxies, SFR determined from Hα flux underestimates the true SFR by an order of magnitude, which would likely mean we have underestimated the strength of enhanced central star formation for these galaxies. Additionally, the molecular gas half-mass radii are quite close to the CARMA beam scale, so their c mol should also be considered lower limits (as indicated in Table A2 ). Table A1 . Basic properties of the galaxies in our sample. The full version is available in machine-readable format. Figure A1 . Maps and radial profiles of additional example galaxies in our sample. See caption of Fig. 2 for description of quantities.
